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Abstract
We study temperature fluctuations in the initial stages of the relativistic heavy ion collision using
a multiphase transport model. We use the non extensive Tsallis statistics to find the entropic index
in the partonic stages of the relativistic heavy ion collisions. We find that the temperature and
the entropic index have a linear relationship in the partonic stages of the heavy ion collision. This
is in agreement to the experimental observations in the hadronic phase. A detailed analysis of
the dependence of the entropic index on the system parameters is done. We compare our results
with recent experimental results and find that the general results of the experimental data are in
agreement with our results. Our work indicates that anomalous transport models can be used to
study the non-equilibrium statistics in the partonic phase of the relativistic heavy ion fluid.
Keywords: temperature fluctuations, Tsallis entropy.
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I. INTRODUCTION
The Relativistic Heavy Ion Collision (RHIC) experiments, both in CERN and in BNL, at-
tempt to understand the thermodynamic properties of strongly interacting systems through
various methods [1, 2]. Due to the nature of the collision, the fluid immediately after colli-
sion constitutes a non-equilibrium system [3]. The geometry of the collision indicates that
a large amount of angular momentum is present in the region of the peripheral collisions
which causes rotational motion of the fluid [4]. The motion of the fluid is usually modelled by
hydrodynamical simulations or by anomalous transport models [5]. For any of these simula-
tions, the critical input is the initial conditions. It is well known that there are fluctuations
in the initial conditions which lead to specific structures in the final hadronic spectra. Most
of these are number density fluctuations [6]. Though hotspots and coldspots are known to
arise in the rotating fluid [7], the temperature fluctuations are difficult to study experimen-
tally. This has led to most of the efforts being concentrated only on density fluctuations
while analysing the fluid dynamics of the system.
Recently, some groups have been looking at hotspots and temperature fluctuations in
these systems [8]. Temperature fluctuations can help us understand various thermodynamic
properties of a system. The time evolution of these temperature fluctuations have been
studied as smaller subsystems [9] which are like canonical ensembles with different temper-
ature values. It has been shown that the size of the hotspots do not affect the integrated
observables and some of the differential observables. However, there are some other differen-
tial observables (such as sub leading principle components) which may be sensitive to these
fluctuations [10]. In this work, we look at the temperature fluctuations from a different
perspective. We use a multiphase transport (AMPT) model to study the temperature fluc-
tuations in the initial stages of the heavy ion collisions. Though temperature fluctuations
have been studied in the context of transport models, they have mostly been in the Gibb’s
-Boltzmann statistics. In this paper we use the non-equilibrium Tsallis statistics to study
the temperature fluctuations in the partonic stages of heavy ion collisions. We find the value
of the entropic parameter for different rapidities and different centralities and at different
collision energies for the partonic stage. Obviously the experimental results which make use
of the Tsallis statistics are in the hadronic phase so the value of the entropic parameter does
not match exactly with the experimentally obtained values. We show that the general nature
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of the change in entropic index with different parameters of the system are in accordance
with the experimental results.
We use the AMPT model to obtain the temperature fluctuation in the case of the initial
stages of the relativistic heavy ion collision. We find that the spectrum of temperature
fluctuations remains more or less the same independent of the collision energy. The extended
thermodynamics of Tsallis has been applied to such non-equilibrium systems before [18].
The Tsallis statistics is a generalization of the Boltzmann-Gibbs thermodynamic approach
to non-equilibrium systems [19, 20]. The thermodynamics is characterized by a parameter
q which is called the entropic index. For q = 1, we obtain the standard Boltzmann-Gibbs
statistics. The value of the entropic index is a measure of the departure of the system
from equilibrium statistics. It is possible to determine the value of the entropic index from
temperature fluctuations. The Tsallis entropy has been used recently to model various
non-equilibrium systems including the relativistic heavy ion collision experiments [21]. The
entropic index for various experimental data has also been obtained.
In this paper, we have calculated the temperature in the partonic stages and use the
Tsallis statistics to understand the thermodynamics of the collisions in the initial stages.
We use the Tsallis statistics to find the entropic index from the temperature fluctuations.
We find that the entropic index obtained by fitting the temperature profiles shows similar
behaviour to the entropic index found by fitting the experimental data.
In section II, we describe the AMPT simulations used to generate the initial partonic
stage of the collision. In section III, we describe the temperature hotspots obtained in the
initial stages of the relativistic heavy ion collisions using the AMPT simulations. Section
IV discusses the application of Tsallis entropy to the temperature profiles obtained from the
energy density and the calculation of the entropic index from our simulations. We briefly
discuss the calculation of the Tsallis entropic index from experimental data and show that it
is close to the entropic index we have found from our simulations in section V. We summarize
and conclude the results of this paper in section VI.
II. THE AMPT MODEL AND DETAILS OF OUR SIMULATION
The AMPT is a publicly available code for simulating the relativistic heavy ion collision
[22]. It consists of different components such as the HIJING model, the Zhang’s Parton Cas-
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cade (ZPC) model, the Lund string fragmentation model and the ART model for modelling
the relativistic transport of the hadrons. The HIJING model is responsible for generating
the initial conditions in this simulation. The ZPC models the scattering amongst the par-
tons in the partonic stage. The details of the model may be obtained from ref[22]. It has
been used quite extensively to study and model the relativistic heavy ion collisions. In this
paper we have used the string melting version of the AMPT model. In our previous work, we
have already studied in detail vorticity generation using the AMPT code [14]. In this paper,
we are using this model again, as it can give the initial state pre-equilibrium fluctuations
of the collisions. This choice also arises from the fact that the AMPT has reproduced the
transverse momentum spectra and elliptic flow for low-pT pions and kaons in central Au +
Au collisions at collision energies of 200 GeV [15].
In this paper, we concentrate on the partonic stages. In the AMPT model that we are
using, the initial collision results in the formation of strings after partonic interactions. These
strings are converted into soft partons. These are subsequently hadronized by a simple quark
coalescence model. The AMPT gives as an output, the particle records of the partons for
each event at kinetic freeze out. We can thus obtain the space-time position and the three
momentum of all the partons generated at an event. This particle momentum is then used
to calculate the energy density of the system.
Since we are interested in studying the temperature fluctuations in the system, we gen-
erate a grid in the x-y plane, with the cell size such that each cell has a significant number
of particles in them. We then calculate the average energy in each cell from the momentum.
Since this is a statistical model, we generate a large number of events with the same param-
eters and initial conditions and then average over all the events to obtain the final values.
We have varied the cell size and checked that it does not have any significant contribution
to the final values of the temperatures obtained.
III. TEMPERATURE HOTSPOTS IN THE INITIAL STAGES
As mentioned in the previous section, we use the AMPT code to obtain the positions and
velocities of the particles at the initial stages of the collision. The energy density distribution
function in the AMPT can then be calculated from [23],
(x, y) =
∑
Niexp[−(x− xi)
2 + (y − yi)2
2σ2
] (1)
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FIG. 1: Temperature fluctuations at times a) 1 fm/c b) 2 fm/c c) 3 fm/c d) 5fm/c at
√
s = 100
GeV
We set the Gaussian width at σ = 0.5 fm. We also have Ni =
N
2pi
( 1
σ2τ
)Ei. N is the
normalization vector. (xi, yi, zi) are the position coordinates and Ei is the energy value of
the i-th parton. We have taken a rapidity window −3 < η < 3 where η = 1
2
ln t+z
t−z is the
space-time rapidity and τ =
√
t2 − z2. Once the energy density is obtained, the temperature
is then calculated using the equation,
(x, y) = 12(4 + 3Nf )(
T 4
pi2
) (2)
Here Nf is the number of quark flavours, we have taken Nf = 3. The temperature so
obtained is plotted in the x − y plane. We have done both event by event as well as event
averaged plots. We first discuss the event by event plots which show the initial fluctuations
at different times and collision energies. Fig. 1 shows the temperature fluctuation at different
times. We see that the temperature fluctuations are higher in the initial stages but decrease
with time. Fig. 2 shows the temperature fluctuations for different collision energies. As
is seen, the general pattern of the fluctuations remain the same irrespective of the collision
energy. Only the amplitude of the fluctuations are increased at higher collision energies. Such
temperature fluctuations have been observed before in previous studies [7, 24]. In the first
study, the temperature fluctuations are studied in the same way as temperature fluctuations
are studied for the CMBR in the early universe. The second study concentrated on finding
the specific heat of the system from temperature fluctuations. We, on the other hand, treat
the fluid as a non-equilibrium system and though the temperature hotspots appear similar
at different times, we would like to analyse them further to find the differences at various
collision energies.
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FIG. 2: Temperature fluctuations at different
√
s values a)
√
s = 19.6 GeV b)
√
s = 62.4 GeV c)
√
s = 100 GeV d)
√
s = 200 GeV at time τ = 1 fm/c
IV. TSALLIS ENTROPY AND THE ENTROPIC INDEX
As mentioned before in the introduction, the Tsallis statistics is characterized by the
non-extensivity parameter q, with |q − 1| being a direct measure of the fluctuation [26].
Though initially it was used to fit the hadron data at different collision energies [16] it was
subsequently used in many contexts of the relativistic heavy ion collision. In some papers,
it has been argued that the Tsallis statistics can only be used for hadronic data fitting and
is not appropriate for thermodynamical or theoretical understanding [17] of the statistical
mechanics of the system. However, there are various frameworks in QCD where the Tsallis
statistics is still being discussed and applied. A detailed discussion on the various application
of Tsallis statistics to the heavy ion collision is available in the introduction to ref.[27]. As
mentioned in ref.[27] apart from the hadrons, the Tsallis statistics has also been applied
to quark matter [28]. In all these cases the thermodynamics of the system has also been
studied. Generally, to derive these thermodynamic properties, the partition function of an
ideal gas is used. For the phase diagram, the analysis shows that the critical temperature
in the phase diagram using Tsallis statistics is generally lower than that obtained in the
corresponding Boltzmann-Gibbs statistics.
Extensions of the MIT bag model using the Tsallis statistics have also been discussed in
ref.[28]. In all these cases, the Equation of State (EoS) has been studied for different values
of the bag parameter and the entropic index. Here though the shape of the phase diagram
remains the same for both the statistics, the critical temperature is found to decrease with
increasing values of the entropic index. The Tsallis entropy formula has also been obtained
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FIG. 3: The plot of β for the temperature fluctuations. The value of (q − 1) is obtained by fitting
a χ2 distribution to the plot.
in ref.[31] from a thermodynamic system comprising of a reservoir and a subsystem. The
temperature is defined and the entropic index is found to be related to the heat capacity of
the reservoir. We mention these particular references as we are interested in the relationship
between the temperature and the entropic index in the initial stages of the heavy ion collision.
In the initial stages of the heavy ion collisions, as we have mentioned before temperature
fluctuations have been observed. It is these temperature fluctuations which are of interest
to us. The relation between the entropic index q and Tsallis entropy in a system with
fluctuating temperature has been discussed previously in the literature [30]. The quantity
that is used here is β, the inverse of temperature. If a non-equilibrium system is formally
described by a fluctuating β, then the generalized distribution functions of non-extensive
Tsallis statistics are a consequence of integrating over all possible fluctuating β’s provided
that the β is χ2 distributed [29, 30].
Since our system too has temperature fluctuations, we fit the probability distribution of
β (i.e the temperature inverse) with a χ2 distribution [30]. The distribution that we use for
the fit is given by,
f(β) =
1
Γ( 1
q−1)
(
1
(q − 1)β0
)( 1
q−1 )
β
1
q−1−1exp
( −β
(q − 1)β0
)
(3)
We obtain β from our simulations and after fitting with the χ2 distribution, the plot is
shown in fig 3. We obtain a good fit for our temperature fluctuations and the entropic index
can be obtained from these fits. The constant β0 is the average of the fluctuating β [30]. It
has been seen in most physical systems that the entropic index from the Tsallis statistics
has some dependency on system parameters. For example, the value of q is observed to
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collision energy of
√
s = 200 GeV
depend on the spatial scale. In the next section, we study how the entropic index or q value
changes with various parameters of the system.
V. RESULTS AND DISCUSSIONS
Our first result is the relationship between the temperature and the entropic index. We
have obtained the temperature from the AMPT simulations. Then we obtain the entropic
index by fitting the χ2 distribution to the inverse of temperature (β). We find that there
exists a linear relationship between the temperature and the entropic index which can be
fitted with a straight line. This is shown in fig 4.
Recently, there have been attempts to obtain the (q − 1) values from experimental data.
In that approach a Teff is defined as [26],
Teff = T0 +
(q − 1)φ
DCpρ
(4)
where D,Cp, ρ are the strength of temperature fluctuation, specific heat at constant pressure
and density of the system respectively. The Teff is the effective temperature from the Tsallis
distribution. The dependence of this effective temperature Teff on the parameter q has been
studied for negative pions and antiprotons in different reactions. The data can be fitted with
a straight line whose slope depends on the reactions and the particles chosen. The main
difference with the previous work and our work is that we are dealing with the initial stages
of the heavy ion collisions, hence we do not have any hadrons. As mentioned before we have
obtained the temperature from the AMPT simulations and the corresponding values of the
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entropic index q for the partonic stages. We find that even in our case, a linear dependence
on the q values can be obtained. The data from the simulation can be fitted with a straight
line. The slope we get is however smaller than the slope obtained for the hadronic particles.
The experimental data fitting has already indicated that the Teff vs q dependency may
not be the same for all systems. While for Au +Au collisions, the slope we obtained is
similar to ref. [26], it was shown in [32] that the p − p collision at high collision energies
has a different slope. For the Pb− Pb collision in the same reference they have obtained a
different slope. Thus though we get a linear dependency between Teff and (q− 1), the slope
of the straight line depends on the particular system being studied as well as the collision
energy.
The definition of the temperature is also very crucial to the system. As mentioned in
ref.[26], the effective temperature is the temperature which occurs when there is both the
fluctuations of the temperature T (around the value T0) and some energy transfer taking
place between the source and the surroundings, which is denoted by the variable φ. Thus
the effective temperature is not the thermodynamic temperature of the system. In our case,
for lack of a definite relationship between energy density and temperature, we are using
the fact that the energy density is proportional to T 4 to calculate the temperature in the
various cells of our simulation. This, we believe maybe the reason behind our obtaining
higher values of the entropic index compared to the values of the entropic index obtained
from experimental data. In ref.[27], the Tsallis entropy has been applied to the MIT bag
model and the relationship between the temperature and the energy density comes out to
be
 = C1T
4 + C2(q − 1)T 7. (5)
So in addition to the T 4, term there is a second term which has the entropic index and is
proportional to T 7. The temperature obtained from this equation would be different from
that obtained from the equilibrium relation  = C1T
4. Thus the entropic index corresponding
to the different temperatures will vary subsequently. So the exact value of the entropic index
calculated will depend upon the definition of the temperature that is used for calculating
the entropic index.
The entropic index can also be calculated from the temperature fluctuations directly by
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using the formula,
q = 1 +
V ar(T )
< T >2
(6)
This definition has been used by Wilk et.al. [26] and they have obtained similar relationship
between the temperature and the entropic index as in fig 4. For different collision energies,
we use this definition of the entropic index to make comparisons to the experimental data.
This is because of its direct relation to the temperature fluctuations.
Next we have done a detailed analysis of how the q value changes for different parameters
of our system. In fig 5, we show the variation of q for different space time rapidity (η)
values at different collision energies (
√
s). Here we find that with increasing values of space
time rapidity our q value increases plateauing out for higher collision energies. As has been
shown in previous studies, the multiplicity distribution has to be of the negative binomial
type [26] and can be related to the entropic index. A higher multiplicity distribution will
result in lower q values. A similar result was also obtained by [33] where the authors had
studied multiplicity spectra of p − p collisions at very high LHC energies (1-7 TeV) using
the Tsallis distribution. The authors had looked at several rapidity windows in a particular
energy range. Our second result, that the values of q increases with increasing space time
rapidity in the partonic stage concurs with all these studies. We have however looked at
lower energy scales as well as a different system. We would like to emphasize the point that
the value of the entropic system depends crucially on the colliding system. The difficulty in
using the Tsallis distribution seems to be that the results are dependent on the produced
particles and the colliding particles. A recent paper [34] has done a detailed study for a large
range of collision energies, a large variety of particles and for various different systems. They
show that the q values appear to be proportional to
√
s/m [34], they have also mentioned
that the q value depends on the multiplicity of the particles.
The major difference between our work and the others is that we are calculating the q
value for the partons whereas in all the experimental data fitting it is the hadrons which are
used to obtain the q values. We find that our values are different from the values obtained
from the hadronic spectrum. There are two major reasons why this could have happened.
The first we have already discussed previously. It is the definition of the temperature that
we have used. If a different Equation of State (EoS) is used, the temperature values and
subsequently the entropic index values would also be different. The other reason is the fact
that we are looking at the partonic system. It is quite possible that, at the early stages
10
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before the phase transition, the system is more likely to be in a state of non-equilibrium.
After the hadronization, the fluctuations are less and the system moves towards equilibrium.
So the q values which are a measure of the departure from an equilibrium of a system, will
be different in the partonic state as compared to the hadronic state.
Our next results show that the q values have a dependency on the beam collision energy.
This has been studied by different experimental collaborations. In fig 6, we show the vari-
ation of q for different
√
s values at different centralities. From both figs 5 and 6, we find
that at lower collision energies the Tsallis entropic index is lower. However, the dependence
is dependent on the centrality of the collisions. This is shown in fig 6, where we see the q
value, for peripheral collisions (60% - 80%) are lower than the q value at central collision
(0-10%) below 100 GeV. Above 100 GeV, the opposite is true, i.e the q value, for centralities
(60% - 80%) is higher than the q value at centralities (0-10%). This result has also been
obtained from experimental data in a recent paper [35]. The total change in the q value for
central collisions is also much smaller than the total change in the peripheral collisions. This
seems to indicate that it is not the multiplicity alone that determines the entropic index.
In fig 7, we show the variation of q with proper time (τ) at different collision energies
(
√
s). As can be seen from the graph, q increases with proper time, peaks around 3fm/c
and then decreases with increasing τ . The nature of the graph does not change for different
values of collision energy. The increase and subsequent decrease of the q value may be
attributed to the increase and decrease in the energy density of the particles. Generally, the
energy density of the particles produced in the AMPT model, increases upto 3−4fm/c and
11
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then gradually decreases. Since the entropic index is calculated from the energy density,
hence it will have a similar behaviour.
Experimentally, it has been observed that the q value depends on the nature of the
hadrons produced [34] as well as the kind of system. Here we do not have any hadrons
as we are looking at the initial stages of the heavy ion collision, hence we cannot match
the result exactly with the experimental values. We find that our q values are close to
the experimental values. They also show the same behaviour as the experimental q values.
Similar to the experimental results, our results also show a dependency on the collision
energy of the particles. The parameter q is seen to be increasing with collision energy.
Similar to experimental results, we also find that there is a dependency on the centrality of
collisions.
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VI. SUMMARY AND CONCLUSIONS
In conclusion, we have used the AMPT model to simulate the initial stages of the rela-
tivistic heavy ion collision. Since in the early stages of the collision the system has a lot of
temperature fluctuations, we have calculated these temperature fluctuations in the partonic
phase using the standard energy density - temperature relationship. The temperature fluc-
tuations of an out of equilibrium system can be studied using the Tsallis statistics provided
the inverse of the temperature β can be fitted with a χ2 distribution. The β obtained from
our simulations is fitted with a χ2 distribution and then used to obtain the entropic index
(q).
Our first result was obtaining a relationship between the effective temperature of the
system and the entropic index. Similar to previous studies and experimental results, we find
that there is a linear dependency between the temperature Teff and the entropic index q for
the partonic system. The slope of the line, however, depends on the kind of particles chosen
to obtain the temperature of the system. Here we have looked at the partonic system in the
initial stages of the heavy ion collision and hence the slope is different from the hadronic
system.
We have checked the dependency of the entropic index on the space time rapidity, the
collision energy and the centrality of collisions. We find that the entropic index increases with
an increasing space-time rapidity. This may be related to the multiplicity of the particles
as higher multiplicity results in a lower q value. However, multiplicity alone cannot explain
the variation of the entropic index as we have found by studying the other parameters, the
dependence of the entropic index on collision energy and centrality. Our second important
result is that in the range of collision energies 20 GeV - 200 GeV, we see that the entropic
index increases with increasing collision energy in the partonic system. For the centrality
values the relationship is convoluted with the collision energy. For central collisions, the
range of q is nearly constant between 20 - 200 GeV. However, for peripheral collisions, it’s
variation is more in the same collision energy range. Moreover, in the range of 40− 80 GeV,
the q value for central and peripheral collisions are nearly the same. Below this range the
q value for central collision is higher than the q value for peripheral collisions. Above this
range of 40−80 GeV, the q value for central collision is lower than the q value for peripheral
collisions. These conclusions agree with recent analysis of experimental data using Tsallis
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statistics. Our q values are different compared to those that are obtained experimentally.
We attribute this to the fact that at the initial stages of the heavy ion collision, the system
has far more temperature fluctuations than in the hadronic stage. The experiments obtain
the q values from the hadron spectra, while we have obtained it for the partonic stage.
Lastly, by analysing the temperature fluctuation at different times, we have found that
the entropic index evolves with time. There is an increase in the entropic index at time
increases. This seems to follow the rise and fall of the energy density as seen in relativistic
heavy ion collision. A previous study of the heavy ion collisions using the AMPT and the
hadronic resonance gas model has shown that the energy density increases with time, reaches
a peak around 3 − 4 fm/c and then goes down gradually. This is what is reflected in the
change of the entropic index with time. So the change in the entropic index with time is a
result of the change of the energy density with time.
Though there are many different interpretations of the application of Tsallis statistics to
the collider experiments, we feel that there are several points that are still not clear. The
experimental data also points to the fact that the value of the entropic index depends very
crucially on the particles chosen as well as the collider experiment. The results for p − p
collisions and Au − Au collisions are not the same. Due to all these reasons, we feel that
the role of the entropic index is not well understood in heavy ion collisions. However, our
current work indicates that a non-extensive formalism can be used in conjunction with a
transport model to study the partonic stages of relativistic heavy ion collisions.
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